Background: DNA-protein cross-links (DPCs) are formed by DNA-damaging agents. Results: DPCs on the translocating strand but not on the nontranslocating strand block hexameric replicative helicases in a size-dependent manner. Stalled helicases dissociate from DNA with a half-life of 15-36 min. Conclusion: DPCs on the translocating and nontranslocating strands constitute helicase and polymerase blocks, respectively. Significance: Reversible and irreversible protein roadblocks may have distinct effects on replisomes.
hexameric structure with a central channel that accommodates DNA (18) . The eukaryotic replicative helicase also assembles into a ring-shaped heterohexamer of minichromosome maintenance (Mcm) proteins 2-7 (19, 20) . In addition, a subcomplex comprising Mcm4, Mcm6, and Mcm7 (Mcm467) forms a ringshaped heterohexamer containing two respective subunits and exhibits a helicase activity in vitro (21) (22) (23) (24) . Coupled with the hydrolysis of NTP (usually ATP), T7gp4 and DnaB helicases translocate along the lagging template strand with 5Ј-3Ј polarity and disrupt the hydrogen bonds between two strands, whereas Tag and Mcm helicases translocate along the leading template strand with 3Ј-5Ј polarity (18, 19) . The central channel of Tag, DnaB, and archaeal Mcm is wide enough to accommodate dsDNA (25) (26) (27) , and DnaB and Mcm467 can pass over it without unwinding (24, 28) .
The unwound strand bearing base lesions such as cyclobutane dimer, 6-4 photoproduct, and thymine glycol passes through the central channel of Tag and DnaB helicases (29, 30) . Benzo [a] pyrene-DNA adducts also pass through the central channel of T7gp4, but less efficiently (31) . Consequently, the base lesions are delivered to DNA polymerase and inhibit dNTP incorporation or subsequent primer elongation, acting as polymerase blocks. Conversely, a large streptavidin tetramer (60 kDa) acts as a helicase block and strongly (but not completely) inhibits the helicase activity of T7gp4 (32) , DnaB (24) , archaeal Mcm (33) , and yeast Mcm467 (24) , when it is tethered via biotin to the translocating strand but not to the nontranslocating strand. However, the association between streptavidin and biotin, albeit very tight, can also be disrupted by certain hexameric replicative helicases including phage T4gp41 and archaeal Mcm (34, 35) and by the nonreplicative Dda helicase (36) . Thus, streptavidin tethered to DNA mimics a cross-linked protein, but is not completely equivalent to cross-linked proteins due to its latent dissociating property. In addition, chromatins are rich in small proteins such as histones (11.3-15.3 kDa) and nucleoid proteins (mostly 9.2-19 kDa) (37) . Their abundance and close association with DNA make them potential targets of DPC formation. However, to our knowledge, whether such small proteins impede the progression of replicative helicases when they are covalently trapped on DNA has yet to be elucidated.
It is thus of interest to clarify how covalent and irreversible association between proteins and DNA affects the translocation of replicative helicases. In the present study we have assessed the critical size of the DPCs that block the progression of hexameric replicative helicases. To this end we constructed model helicase substrates containing DPCs of various sizes and assayed them for the in vitro unwinding activity of DnaB, T7gp4, Mcm467, and Tag. We show here that DPCs on the translocating strand but not on the nontranslocating strand block the progression of the helicases in a size-dependent manner, with a threshold size of cross-linked proteins for clearance by the helicases of 5.0 -14.1 kDa. Furthermore, the stalled helicases by a large DPC dissociate from DNA with a half-life of 15-36 min. This finding is discussed in relation to the stability of the roadblocked replisome.
EXPERIMENTAL PROCEDURES
DNA and Proteins-The oligonucleotide containing oxanine was synthesized chemically as reported (38) . Other oligonucleotides with normal compositions were obtained from Tsukuba Oligo Service. Proteins used for DPC formation were adrenomedullin (ADR), parathyroid hormone (PTH), gastric inhibitory polypeptide (GIP), midkine (MID), histone H2A (H2A), T4 endonuclease V (TEV), high mobility group 1,2 (HMG), and human NEIL1 DNA glycosylase (NEI) (Fig. 1A) . With the exception of NEI, which was purified as reported (39) , these proteins were purchased from Peptide Institute or Roche Diagnostics. T7gp4 and E. coli DnaB were obtained from BioHelix and ProFoldin, respectively. Human Mcm467 complex consisting of Mcm6 and histidine-tagged Mcm4 and Mcm7 was purified from coexpressed High5 cells as reported (40, 41) . Tag was purified from recombinant baculovirus-infected Sf27 cells as reported (42) . Forked DNA substrates containing DPCs for helicase assays (Fig. 1B) were constructed using methods similar to those described previously (13, 17, (43) (44) (45) . Briefly, a 25-mer oligonucleotide containing oxanine was ligated enzymatically with dT 60 or dT 40 using a scaffold DNA. The resulting 85-mer and 65-mer were purified by denaturing PAGE and incubated with a protein (ADR, PTH, or GIP) to form a crosslink between oxanine and a protein. DNA containing a DPC was purified by denaturing PAGE and annealed to a dT-tailed complementary strand. The control substrate containing oxanine was prepared similarly without cross-link reactions. Alternatively, the 85-mer and 65-mer containing oxanine prepared as above were annealed to a dT-tailed complementary strand and incubated with a protein (MID, H2A, TEV, HMG, or NEI) to form a cross-link. DNA containing a DPC was loaded onto SDS-PAGE without heat denaturation, separated, and recovered from the gel by electroelution. Analysis of DPC-containing DNA substrates by denaturing PAGE or SDS-PAGE confirmed that they were free of unmodified DNA.
Helicase Reactions-Typically, forked DNA substrates (2 fmol, Fig. 1B (20 l) at 37°C for up to 15 min. The helicase reaction buffers had the following compositions: 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, 20 mM MgCl 2 , 5 mM dithiothreitol, 3 mM ATP, and 10% glycerol for DnaB; 35 mM Tris acetate (pH 7.5), 11 mM magnesium acetate, 5 mM dithiothreitol, 2 mM dTTP, and 0.01% Triton X-100 for T7gp4; and 50 mM Tris-HCl (pH 7.0), 20 mM mercaptoethanol, 10 mM magnesium acetate, 10 mM ATP, and 0.5 mg/ml BSA for Mcm467 and Tag. The amount of helicases or incubation time was varied when necessary (indicated in figures). The reaction was terminated by the addition of SDS (final concentration 2%). The sample was mixed with an equal volume of 50% sucrose and separated by 10% native PAGE. After drying the gel, the radioactivities of substrates and unwound products were quantified using a Fuji BAS2000 bioimaging analyzer.
Analysis of DNA-Helicase Complexes-A forked DNA substrate containing NEI-DPC on the translocating strand (2 fmol, Fig. 1B ) was incubated with DnaB (50 ng), T7gp4 (50 ng), or Mcm467 (100 ng as total protein) as described for helicase reactions except that Tris-HCl was replaced by Hepes-KOH in buffer to avoid the inactivation of the cross-linker (see below). After 20 min of reaction initiation, a cold control DNA substrate without DPC (100 fmol, 50-fold excess over the DPC substrate) was added to the reaction mixture as a competitor to quench the loading of helicases onto the DPC substrate. The complexes were stabilized every 10 or 20 min by 2 mM Sulfo-EGS (Pierce), which is a bifunctional cross-linker that crosslinks between the NEI protein and stalled helicases. After incubation with Sulfo-EGS for 30 min, the sample was mixed with SDS (final concentration 2%) followed by an equal volume of 50% sucrose and then separated by 10% native PAGE. Free DNA and DNA-helicase complexes were quantified as described for the helicase reactions. The half-lives of the DNAhelicase complexes based on an exponential decay model were calculated by regression analysis using DeltaGraph version 5 (Red Rock Software). For comparison, helicase reactions without the competitor were also performed, and DNA-helicase complexes were analyzed similarly.
RESULTS

DPCs on the Translocating Strand Block Helicases in a Sizedependent
Manner-To clarify the effect of DPCs on replicative helicases, we performed unwinding reactions using DPC substrates and DnaB, T7gp4, Mcm467, and Tag. The DNA substrates consisted of a DPC-containing duplex region of 25 bp and two single-stranded dT tails (Fig. 1B) . For convenience, the two strands of the helicase substrates were designated leading and lagging template strands according to the polarity of the splayed dT arms. Typical gel data obtained with DnaB and Mcm467 are shown in Fig. 2A and supplemental Fig. 1 . The time courses of the formation of unwound products are shown in Fig. 2B . DnaB and T7gp4 helicases unwound the substrate containing NEI, which is the largest cross-linked protein (43.7 kDa) used in this study, at a rate comparable with that for the control substrate (no DPC) when NEI-DPC was placed in the leading template strand (Fig. 2B, a and b, left graphs) . This was also the case for H2A-DPC (14.1 kDa). In contrast, Mcm467 and Tag helicases unwound the substrate containing NEI-and H2A-DPCs at a rate comparable with that for the control substrate when NEI-and H2A-DPCs were placed in the lagging template strand (Fig. 2B, c and d, right graphs) . Considering the polarities of helicase translocation, these results indicate that DPCs on the nontranslocating strand do not impede the progression of the replicative helicases.
Unlike DPCs on the nontranslocating strand, those on the translocating strand blocked the helicases to various extents. With DnaB, smaller cross-linked proteins (ADR, PTH, and GIP; 3.6 -5.0 kDa) on the lagging template strand constituted no roadblock, whereas larger ones (H2A, TEV, HMG, and NEI; 14.1-43.7 kDa) were absolute roadblocks (Fig. 2Ba,  right graph) . Interestingly, the unwinding reaction was biphasic for MID of an intermediate size (6.8 kDa). The reaction for MID initially proceeded at a rate comparable with that of the control and then reached a plateau when approximately 20% of the substrate was unwound. With T7gp4, smaller and larger proteins also constituted no and absolute roadblocks, respectively (Fig. 2Bb, right graph) . A biphasic mode of unwinding reactions was observed for MID and H2A, with plateaus of approximately 40 and 30%, respectively. With Mcm467 and Tag, smaller and larger proteins on the leading template strand constituted no and absolute roadblocks, respectively (Fig. 2B, c and d, left graphs) . A biphasic mode of unwinding reactions was observed for Mcm467 with GIP and MID and for Tag with MID and H2A.
The correlations between the unwinding efficiency of helicases and the size of cross-linked proteins are shown in Fig. 3 . The plots indicate that proteins smaller than 3.7 kDa (ADR and PTH) on the translocating strand do not impede the progression of DnaB, T7gp4, Mcm467, and Tag helicases, whereas those larger than 16.0 kDa (TEV, HMG, and NEI) completely block their progression. Proteins of intermediate sizes (i.e. 5.0 -14.1 kDa) differentially block the helicases, probably due to subtle differences in the interaction between the central channel of helicases and cross-linked proteins. According to the data shown in Fig, 3 , the critical sizes of DPCs for clearance by helicases are 6.8 kDa for DnaB, 6.8 -14.1 kDa for T7gp4, 5.0 -6.8 kDa for Mcm467, and 6.8 -14.1 kDa for Tag. Although not conclusive, phage and viral helicases (T7gp4 and Tag) appear to have a slightly high clearance limit with respect to the size of DPCs. The yeast Mcm2-7 complex exhibits significant DNA unwinding activity in vitro (46) . However, thus far we have observed that the human heterohexameric Mcm2-7 complex exhibits only moderate activity to the control substrate (data not shown), and so it has not been possible to study its activity to DPC substrates.
The Orientation of Cross-Linked Proteins May Affect the Translocation of Helicases through DPCs-
The unwinding reactions occurred in a biphasic mode with a plateau for DPCs of intermediate sizes (Fig. 2B) . We investigated whether the plateau of reactions was altered by extending incubation time or by increasing/decreasing the amount of helicases. Extension of the incubation time up to 40 min (originally 15 min in Fig. 2B ) had no effect on the plateau level for all helicases (Fig. 4A) . The larger cross-linked proteins also remained absolute roadblocks to the helicases. The effect of the amount of helicases was assessed mostly using MID-and H2A-DPCs. The unwinding reactions with MID-DPC under standard reaction conditions were biphasic for all helicases, and those with H2A-DPC were biphasic for T7gp4 and Tag (Fig. 2B) . The increase in the amount of helicases up to 300 ng (originally 50 ng for DnaB, T7gp4, and Mcm467, and 15 ng for Tag) did not change the plateau level for MID-and H2A-DPCs (Fig. 4B) . Similarly, the decrease in the amount of helicases (1.3-5.4 ng), where the molar ratios of substrate to hexameric helicase were 1:2 for DnaB, T7gp4, and Tag and 1:5 for Mcm467, did not change the plateau level either, although the plateau was reached after prolonged incubation time (30 -60 min) due to a decrease in the initial rate of unwinding (supplemental Fig. 2 ). Taken together, these results indicate that the plateaus of the unwinding reactions were independent of the incubation time and the amount of helicases. The present results further suggest that the DPC that exhibited a biphasic mode of a reaction contains two forms of a cross-linked protein, with one being a block to helicases and the other not being a block. In the present study we used proteins that are rich in lysine (and arginine) to prepare the DPCs. According to a previous study that showed that multiple lysine sites of a protein are modified by the reaction with free 2Ј-deoxyoxanosine (47), it is possible that the protein in DPC was anchored at different sites in the present study (Fig. 4C) . Given that proteins are not completely spherical, one orientation of the anchored protein, but not the other, may result in steric crash to the surface peptide of the helicase central channel (Fig.  4D) . We infer from the present results that subtle differences in the orientation of cross-linked proteins may be responsible for the biphasic mode of reactions observed for DPCs of intermediate sizes.
Stalled Helicases by DPC Dissociate from DNA with a Halflife of 15-36
Min-We analyzed the stability of DNA-helicase complexes when helicases were stalled by DPCs. For this we used NEI-DPC, which was a complete block to helicases when placed on the translocating strand (Fig. 2B) . The NEI-DPC substrate was incubated with a helicase, and the loading of helicases onto the DPC substrate was quenched by the addition of a competitor 20 min after initiating the reaction. The remaining DNA-stalled helicase complexes were stabilized by a crosslinker (Sulfo-EGS) and analyzed by native PAGE. Fig. 5A shows the typical gel data for DnaB and Mcm467 without and with the competitor. The DNA-helicase complexes were completely separated from free DNA, although it was not clear whether the trapped complexes contained the complete subunits of helicases. Such complexes were not observed in the present PAGE analysis when the control substrate (no DPC) was used for the reaction or when the complex was not stabilized by cross-linking (data not shown). The quantification of free DNA and the complex for DnaB, T7gp4, and Mcm467 helicases showed that in the absence of the competitor, the amount of DNA-stalled helicase complexes increased with incubation time, indicating the continuous loading of helicases onto free substrates (Fig.  5B) . However, adding the competitor DNA at 20 min decreased the amount of DNA-stalled helicase complexes, indicating the dissociation of stalled helicases from DNA. The half-life was evaluated using the data after addition of the competitor by assuming a simple exponential decay of the complex: the halflife was 36 min for DnaB, 15 min for T7gp4, and 33 min for Mcm467 (Fig. 5C) . The half-life of DNA-stalled Tag complexes could not be determined due to the nonspecific dsDNA binding activity of Tag (48) . With Tag, we observed dT tail-dependent (Fig. 2B) are plotted against the sizes of cross-linked proteins (Fig. 1A) . The results with leading-and lagging-DPC substrates are represented by open and closed circles, respectively. The numbers on the graphs indicate the critical sizes of cross-linked proteins (in kDa) for clearance by respective helicases.
and -independent complex formation when DNA-helicase complexes were trapped by the cross-linker (supplemental Fig.  3) . Thus, the trapped complex observed for Tag was probably a mixture of unwinding and nonspecific complexes. Such nonspecific (i.e. dT tail-independent) complex formation was not observed for DnaB, T7gp4, and Mcm467 (supplemental Fig. 3 ).
DISCUSSION
The present study has shown that DPCs on the translocating strand impede the progression of hexameric replicative helicases in a size-dependent manner (Fig. 3) . The critical size of cross-linked proteins for clearance by helicases was 5.0 -14.1 kDa. These data indicate that the central channel of the dynamically translocating hexameric helicases can accommodate only relatively small proteins. Thus, small chromatin proteins such as histones (11.3-15. 3 kDa) and nucleoid proteins (mostly 9.2-19 kDa) will severely block the helicases when they are cross-linked to the translocating strand. Although DPCs constitute strong blocks to several DNA polymerases (15-17), the present results highlight an alternative mechanism of replisome blockage that involves the inhibition of replicative helicases that unwind DNA at the front of the replication fork. In addition, the present results suggest the distinct fates of replisomes upon encountering conventional bulky damage and large DPCs. Conventional bulky damage both on the translocating and nontranslocating strands are cleared by helicases and arrest DNA polymerase (Fig. 6A) . This can further lead to functional uncoupling of polymerase and helicase as well as that of leading and lagging polymerases. In eukaryotes functional uncoupling of polymerase and helicase activates a checkpoint kinase ATR that directs the DNA damage response (49) . DPCs on the translocating strand block the helicase, immediately halting leading and lagging strand synthesis (Fig. 6B ). This will preclude functional uncoupling of polymerase and helicase and of leading and lagging polymerases. In contrast, DPCs on the nontranslocating strand do not block the helicase and act like conventional bulky damage. Accordingly, the mechanism underlying stalled . 1A) . B, effect of the increasing amounts of helicases on the yield of unwound products. The helicase reactions were performed as described in Fig. 2B except that increasing amounts of helicases were used. MID-and H2A-DPCs on the lagging template strand were used for DnaB and T7gp4, whereas those on the leading template strand were used for Mcm467 and Tag. The percentages of unwound products are plotted against the amount of helicases. The data in A and B are based on a single experiment. C, reaction scheme for oxanine and a protein that results in two orientations of cross-linked protein. The amino groups of lysine residues involved in cross-linking are shown by "-NH 2 ." D, schemes showing that cross-linked proteins in nonblocking and blocking orientations differentially affect the translocation of replicative helicases through DPC.
fork processing and the concurrent events of damage signaling may differ significantly for DPCs on the translocating and nontranslocating strands.
Aside from DNA replication, DPCs adversely affect other aspects of DNA transactions such as repair and transcription (10), both of which involve unwinding of dsDNA. It has been shown that DPCs impede the progression of the UvrD helicase involved in nucleotide excision repair only when placed on the translocating strand (14) . The progression of T7 RNA polymerase that transiently disrupts dsDNA for transcription is also blocked by DPCs only when DPCs are placed on the transcribed strand (17) . It follows that replicative helicases (DnaB, T7gp4, Mcm467, and Tag), UvrD helicase, and T7 RNA polymerase are blocked by DPCs on the translocating or transcribed strand, but not by those on the nontranslocating or nontranscribed strand. Therefore, these enzymes with a DNA unwinding activity will respond similarly upon head-on and lateral collisions with DPCs.
Several models of DNA unwinding have been proposed for hexameric helicases. In the steric exclusion model, the hexameric helicase encircles and translocates along one strand and sterically excludes the complementary strand from the central channel (19, 50) . In other models, dsDNA is pumped into the central channel of the helicase, and a pair of hexameric helicases unwinds the dsDNA by either twisting it apart or extruding it through channels in the complex (19, 50) . Our results showing the differential effects of DPCs in the translocating and nontranslocating strands (Figs. 2 and 3) are consistent with the steric exclusion model and reinforce the conclusion obtained in the previous work using streptavidin-biotin roadblocks (24, 32, 33) . If dsDNA was to be pumped into the central channel of the helicase, DPCs on both strands would impede the progression of the helicase. However, this was not the case for all helicases tested. The eukaryotic replicative helicase contains Cdc45, heterohexameric Mcm2-7, and GINS (CMG complex) (19, 51) . It has been recently shown that Xenopus CMG uses the steric exclusion mechanism for DNA unwinding during translocation (52) . Thus, yeast Mcm467 (24) , human Mcm467 (this study), and Xenopus CMG (52) share the same DNA unwinding mechanism during translocation, although the Mcm467 subcomplex and CMG have significantly different subunit integrities. It has been proposed that Tag uses the dsDNA pump mechanism (53) . In this mechanism, Tag forms a double hexamer complex and pumps dsDNA into the central channel where dsDNA is separated. The separated single-stranded DNA is extruded from the side channel. However, the present result with Tag argues against this model and favors the steric exclusion mechanism, because DPCs on the nontranslocating strand did not inhibit the unwinding reaction (Fig. 2Bd, right graph) . In this context it is noteworthy that the papillomavirus replicative helicase E1, whose structural and biochemical properties are similar to those of Tag, is thought to use the steric exclusion mechanism (54) .
In the present study we determined the in vitro stability of replicative helicases stalled by NEI-DPC. Stalled DnaB, T7gp4, and Mcm467 helicases exhibited limited stability and dissociated from DNA with a half-life of 15-36 min (Fig. 5C ). The following contrasting results were reported regarding the stability of E. coli replisomes: the replisome blocked by an array of repressor-operator complexes loses the ability to continue replication with a half-life of 4 -6 min in vitro (55) , whereas it retains the ability to resume replication upon removal of the block for several hours in vivo (56) . The dissociation of stalled DnaB from DNA observed in the present study accounts at least in part for the inactivation of the replisome in vitro, although the in vitro half-lives of stalled replisome (4 -6 min) and DnaB (36 min) differ considerably. The inactivation of the replisome due to loss of DnaB also seems to be consistent with the observations that reactivation of stalled replication fork requires reloading of DnaB (or replication machinery) via the PriA helicase in E. coli (57) and that the priA mutant is hypersensitive to DPC-inducing agents (58) . However, further studies are necessary to account for the discrepancy between the in vitro and in vivo stabilities of roadblocked E. coli replisomes (see also below). In yeast, it has been shown that the replisome stalled by tight (but reversible) DNA-protein complexes is stable in vivo and that DNA synthesis continues through the barriers after a transient pause (approximately 30 min) (59, 60) . Thus, the CMG complex is likely to be retained in the stalled replisome in yeast cells. In contrast, a recent study of in vitro replication of plasmids with Xenopus egg extracts has shown that Mcm7 (a component of CMG complex) dissociates from DNA with an approximate half-life of 10 min when the progression of replisome is blocked by an interstrand cross-link (52) . In keeping with this observation (52), we found that human Mcm467 stalled by NEI-DPC dissociates from DNA with a half-life of 33 min. Regarding the apparent difference in the stability of replicative helicases in vivo and in vitro, it should be pointed out that tight but reversible DNA-protein complexes are used in in vivo studies, whereas irreversible roadblocks (interstrand crosslinks and DPCs) are used in in vitro studies. Accordingly, the replisome could proceed by gradually disrupting reversible protein roadblocks in cells while retaining the helicase in the replisome. However, this does not occur if the replisome is completely arrested by irreversible roadblocks such as interstrand cross-links and DPCs. Therefore, it is tempting to speculate that replicative helicases (or replisome) exhibit significantly different stabilities to reversible and irreversible roadblocks. It is also possible that eukaryotic cells possess a factor that disrupts reversible protein roadblocks to assist replicative helicases or that actively retains the replicative helicase in the stalled replisome (59, 61) .
